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Poliovirus 2Apro is required for the inhibition of host cell protein synthesis and efficient viral replication. We investigated the role of 2Apro in
regulating viral RNA stability, translation and replication in HeLa S10 reactions. The protease activity of 2Apro or its polyprotein precursors, 2AB
or P2, was required to increase the stability of viral RNA and prolong translation. Since other viral proteins were not required for the observed
effects of 2Apro, it is likely that a cellular protein(s) modified by 2Apro mediated these effects on stability and translation. In addition, the protease
activity of 2Apro stimulated negative-strand initiation by approximately five-fold but had no effect on positive-strand initiation. The 2Apro
stimulation of negative-strand synthesis was independent of its effect on stability and translation. These findings further extend the previously
known functions of protein 2Apro to include its role in increasing RNA stability, prolonging translation and stimulating negative-strand synthesis.
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Poliovirus is a member of the Picornaviridae family of small
RNA viruses. Poliovirus has a single-stranded RNA genome of
positive polarity that contains a 5V-terminal covalently linked
viral protein, VPg, and a 3V-terminal poly(A) tail (Ambros and
Baltimore, 1978; Flanegan et al., 1977; Lee et al., 1977;
Wimmer et al., 1993). Translation of the viral genome initiates
using the internal ribosome entry site (IRES) in the 5VNTR and
results in the synthesis of a large viral polyprotein that is
processed by viral proteases 2Apro and 3Cpro/3CDpro (Harris et
al., 1990; Kitamura et al., 1981; Nicholson et al., 1991;
Pelletier et al., 1988). The viral polymerase, 3Dpol, in
association with other viral and cellular proteins in the RNA
replication complex, copies the input viral RNA into full-length0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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Health Sciences Center, Denver, CO 80262, USA.negative-strand RNA (Harris et al., 1992; Van Dyke et al.,
1982). The negative-strand RNA then serves as a template for
multiple rounds of positive-strand RNA synthesis resulting in
an asymmetric mode of replication.
Viral protein 2Apro is a cysteine protease, homologous to
trypsin-like small serine proteases with His 20, Asp 38 and Cys
109 forming the catalytic triad in the active site of the protein
(Dougherty and Semler, 1993; Hellen et al., 1991; Sommer-
gruber et al., 1994; Yu and Lloyd, 1992). The primary cleavage
in the polyprotein is mediated in cis by 2Apro, which separates
the capsid proteins in the P1 region from the viral replication
proteins in the P23 region (Sommergruber et al., 1989; Hellen
et al., 1992; Toyoda et al., 1986). As expected, 2Apro mutations
that inhibit its protease activity are lethal in transfected cells
(Molla et al., 1993; Toyoda et al., 1986). A second 2Apro
cleavage site is present in the 3CD coding region of the viral
polyprotein. Cleavage at this site results in the formation of 3CV
and 3DV, but mutations in this site which inhibit processing by
2Apro do not have a detectable effect on poliovirus replication
in cell culture (Lee and Wimmer, 1988).
In addition to cleaving the viral polyprotein, 2Apro is also
known to cleave several cellular proteins. Most notable is the6) 346 – 357
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C.K. Jurgens et al. / Virology 345 (2006) 346–357 347cleavage of the eukaryotic translation initiation factor, eIF4G,
and the poly(A) binding protein (PABP) (Gradi et al., 1998,
2003; Joachims et al., 1999; Kerekatte et al., 1999; Krausslich
et al., 1987; Lloyd et al., 1988; Svitkin et al., 1999; Kuyumcu-
Martinez et al., 2002). Cleavage of eIF4G by 2Apro inhibits the
cap-dependent translation of cellular mRNAs without affecting
the translation of viral RNA (Etchison et al., 1982; Kuechler et
al., 2002). Independent of the shut-off of host protein synthesis,
2Apro also stimulated the translation of poliovirus RNA
(Hambidge and Sarnow, 1992). The stimulation of translation
was later shown to be mediated, at least in part, by the C-
terminal cleavage product of eIF4G that is generated by 2Apro
(Ziegler et al., 1995; Hunt et al., 1999; Borman et al., 1997).
Therefore, 2Apro enhances viral protein synthesis in infected
cells by inhibiting both host cell protein synthesis and
stimulating the translation of viral RNA.
Several genetic studies suggest that 2Apro may also have an
essential role in poliovirus RNA replication. The replication of
a subgenomic RNA replicon, which contained a deletion
mutation in 2Apro, was severely inhibited in transfected cells
(Collis et al., 1992). Interestingly, the replication of this RNA
could be rescued in trans when 2Apro was provided by a wild-
type helper RNA (Collis et al., 1992). In addition, studies using
a dicistronic poliovirus RNA, where the cis cleavage function
of 2Apro was not required to cleave the viral polyprotein,
suggested that 2Apro activity was essential for efficient viral
RNA replication (Molla et al., 1993). The C-terminal region of
2Apro has also been implicated in viral RNA replication (Li et
al., 2001). Although these studies suggest that 2Apro is required
for efficient viral RNA replication, it is unclear if it regulates
negative- or positive-strand synthesis.
In this study, we have used HeLa S10 translation–RNA
replication reactions to further characterize the role of 2Apro in
poliovirus RNA replication. In infected or transfected cells, a
significant overlap develops between RNA stability, translation
and RNA replication because of their mutual interdependence
(Novak and Kirkegaard, 1994; Barton and Flanegan, 1997;
Barton et al., 2001). By using a cell-free replication system, we
were able to uncouple viral protein synthesis from RNA
replication which allowed us to determine the effect of 2Apro
on each individual step during the viral replication cycle
(Barton et al., 2002). In this study, we showed that the
proteolytic activity of 2Apro was required to increase the
stability of viral RNA. We also showed that 2Apro stimulated
and prolonged viral RNA translation independent of its ability
to increase viral RNA stability. Finally, 2Apro specifically
stimulated the initiation of negative-strand synthesis without
affecting positive-strand initiation. Therefore, efficient replica-
tion of the viral genome requires 2Apro activity at multiple
steps in the replication cycle.
Results
2Apro is required to increase the stability of poliovirus RNA
In this study, we determined if the presence of the viral
replication proteins affected the stability of poliovirus (PV1)RNA in HeLa S10 translation–replication reactions (HeLa S10
reactions). A viral RNA which contained a frameshift mutation
in the P1 coding region, PV1(FS) RNA (Fig. 1B), was used to
measure viral RNA stability in the absence of the viral
replication proteins. Translation of PV1(FS) RNA resulted in
the synthesis of a 64 kDa protein from the P1 coding region
(p64) (Fig. 1B). RNA stability assays were performed in HeLa
S10 reactions by adding 32P-labeled PV1 RNA or PV1(FS)
RNA and measuring the amount of labeled RNA that remained
intact as a function of incubation time. The amount of labeled
RNA recovered at each time point was analyzed by gel
electrophoresis. We observed a gradual decrease in the amount
of labeled PV1 RNA over a period of 4 h (Fig. 2A, lanes 1–5).
In contrast, PV1(FS) RNA was relatively unstable, and
measurable levels of the input RNA were not observed by
4 h (Fig. 2A, lanes 6–10). These results indicated that the
long-term stability of the PV1 RNAwas significantly increased
in the presence of the viral replication proteins.
To further investigate the function of the viral replication
proteins in mediating viral RNA stability, puromycin was used
to inhibit the translation of labeled PV1 RNA. The amount of
labeled RNA recovered at the end of 4 h was analyzed by gel
electrophoresis, quantitated and expressed as a percentage of
the input RNA (Figs. 2B and C). Only 1% of the input PV1
RNA was recovered in the presence of puromycin, (Fig. 2B,
lane 9; Fig. 2C). In contrast, 34% of input PV1 RNA was
recovered in the absence of puromycin (Fig. 2B, lane 7; Fig.
2C). These results again indicated that the stability of PV1
RNA was increased in the presence of the viral replication
proteins. To determine if the viral replication proteins, when
provided in trans, would stabilize viral RNA, we co-incubated
labeled PV1(FS) RNA and a helper RNA (shown in Fig. 1C).
In the presence of the helper RNA, approximately 24% of input
PV1(FS) RNA was recovered in the absence of puromycin
(Fig. 2B, lane 11; Fig. 2C). This was only slightly lower than
the amount of PV1 RNA recovered under the same conditions
(Fig. 2B, lane 8; Fig. 2C). As expected, the helper RNA did not
stabilize PV1 or PV1(FS) RNA in reactions that also contained
puromycin (Fig. 2B, lanes 9 and 12; Fig. 2C). Therefore, one or
more of the viral replication proteins was required to increase
viral RNA stability.
To determine which viral protein or proteins were required
to increase viral RNA stability, we engineered RNA transcripts
that encoded the individual nonstructural proteins (Fig. 1D)
(Jurgens and Flanegan, 2003). The stability of PV1(FS) RNA
was measured in reactions that contained the viral proteins
encoded by P23 RNA, P2 RNA or P3 RNA. The stability of
PV1(FS) RNA was restored in the presence of the P23 and P2
proteins, but not in the presence of the P3 proteins (Fig. 3,
lanes 2–4). To determine if the processed forms of P2 could
also mediate RNA stability, we measured RNA stability in
reactions containing proteins P2, 2AB or 2BC. Similar levels of
input PV1(FS) RNA remained intact in the presence of P2 or
2AB but not 2BC (Fig. 3, lanes 5–7). To determine if the
individual proteins derived from P2 could stabilize viral RNA,
we measured RNA stability in reactions containing 2A, 2B or
2C. The stability of the viral RNA was increased in the
Fig. 1. Schematic of poliovirus RNA transcripts utilized in this study. (A) Diagram of PV1 transcript RNA. PV1 RNA contains the 5VNTR, 3VNTR and poly(A)80 tail
and encodes all of the viral proteins. (B) Diagram of PV1(FS) transcript RNA. This RNA contains a frameshift mutation in the capsid coding region resulting in the
expression of a 64 kDa protein corresponding to VP4, VP2 and most of VP3. This mutation prevents the expression of downstream viral replication proteins. (C)
Diagram of the helper RNA. The helper RNA contains an in-frame deletion in the P1 region of PV1 RNA. The translation of the helper RNA provided the viral
replication proteins in trans in the reactions containing PV1(FS) RNA. (D) Diagram of a generic viral protein expression RNA. This RNA contains the 5V NTR, an
AUG initiation codon, the coding sequence of the desired protein, the 3V NTR and the poly(A)80 tail. (E) Diagram of P23 RNA, which was used to encode the P23
proteins. (F) Diagram of 2BCP3 RNA, which was used to encode 2BCP3 proteins.
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results clearly demonstrated that 2Apro, as well as the 2Apro
precursor proteins, 2AB and P2, were able to enhance the
stability of poliovirus RNA in HeLa S10 reactions.
Protease activity of 2Apro is required to increase RNA stability
To determine if the protease activity of 2Apro was required to
increase RNA stability, we measured the stability of PV1(FS)
RNA in the presence of active 2Apro or inactive 2Apro
(2A(C109A)) (see Materials and methods). The results of this
experiment showed that 2A(C109A) was not able to increase
the stability of labeled input viral RNA (Fig. 4A, compare lanes1–4 with lanes 5–8). In reactions containing 2Apro, we
observed a gradual decrease in the amount of labeled RNA,
and approximately 55% and 40% of PV1(FS) RNA remained
intact at 2 h and 4 h, respectively (Fig. 4B). In contrast, PV1(FS)
RNA degraded rapidly in reactions containing 2A(C109A), and
approximately 17% and less than 5% of the labeled input RNA
was recovered at 2 h and 4 h, respectively (Fig. 4B). Therefore,
these results indicated that the protease activity of 2Apro was
required to increase the stability of poliovirus RNA. As
described above, because the 2Apro precursor proteins, 2AB
and P2, also increased the stability of viral RNA, it seemed
likely that the precursor proteins were also active proteases.
This was confirmed by using a Western blot analysis with anti-
Fig. 2. Effect of the nonstructural viral proteins on the stability of PV1 RNA.
(A) HeLa S10 reactions containing 100 Ag/ml of 32P-labeled PV1 RNA or
PV1(FS) RNA were incubated for 4 h at 34 -C. Samples of the reactions were
removed at the indicated time points, and the amount of labeled RNA that
remained intact was determined by CH3HgOH agarose gel electrophoresis and
autoradiography as described in Materials and methods. (B) HeLa S10
reactions containing 32P-labeled PV1 RNA (50 Ag/ml) (or PV1(FS) RNA),
helper RNA (37.5 Ag/ml) and puromycin (100 Ag/ml) as indicated above were
incubated for 4 h at 34 -C. Aliquots were removed at 0 h and 4 h, and the
amount of intact labeled RNA was determined by CH3HgOH agarose gel
electrophoresis. (C) Graph showing the amount of labeled PV1 RNA or
PV1(FS) that remained intact at 4 h in panel B, lanes 7–12. The labeled RNA
was quantitated as described in Materials and methods.
Fig. 3. 2Apro and 2Apro precursor proteins were the only nonstructural viral
proteins that increased the stability of PV1 RNA. HeLa S10 reactions
containing 32P-labeled PV1(FS) RNA (12.5 Ag/ml) and 50 Ag/ml of each of
the indicated RNAs were incubated for 4 h at 34 -C. Samples of the reaction
were removed at 0 h (lane 1) and 4 h (lanes 2–10), and the amount of 32P-
labeled RNA that remained intact was determined by CH3HgOH agarose gel
electrophoresis.
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cleaved eIF4G in HeLa S10 reactions (data not shown).
To investigate if co-translation of 2Apro was required to
stabilize viral RNA, we pre-synthesized 2Apro and measured
RNA stability. HeLa S10 reactions were pre-incubated with or
without 2Apro expression RNA for 1 h. The stability of labeled
PV1(FS) RNA was then measured in these reactions in the
presence of puromycin. As expected, the input RNA was
unstable in the absence of 2Apro and less than 1% of the labeled
input RNA remained intact at the end of 4 h (Fig. 5A, lanes 1–
3; Fig. 5B). In contrast, the stability of the viral RNA was
significantly increased in the presence of pre-synthesized 2Apro
(Fig. 5A, lanes 4–6; Fig. 5B). In the presence of 2Apro,
approximately 60% and 40% of the input RNA was recovered
at the end of 2 h and 4 h, respectively (Fig. 5B). Therefore,these results indicated that pre-synthesized 2Apro was able to
increase the stability of PV1 RNA.
To determine if the increase in RNA stability that was
observed in the presence of 2Apro was specific for PV1 RNA,
we measured the stability of another positive-strand viral RNA
in the presence or absence of 2Apro. The stability of bovine
viral diarrhea virus (BVDV) RNA was measured in assays
identical to those described above. In the presence or absence
of 2Apro, there was no significant difference in the stability of
BVDV RNA, and approximately 50% and 29% of input RNA
was recovered at 2 h and 4 h, respectively (Fig. 5C, compare
lanes 1–3 with 4–6 and Fig. 5D). It is also important to note
that in these reactions the kinetics of degradation of BVDV
RNA was similar to that of PV1(FS) RNA in the presence of
active 2Apro (compare Figs. 5B and D). Therefore, it appears
that 2Apro does not stabilize RNA in general but is specific for
PV1 RNA.
Protease activity of 2Apro stimulates and prolongs the
translation of poliovirus RNA
We next determined if the presence of the viral replication
proteins affected the translation of a poliovirus reporter RNA
in the HeLa S10 translation reactions. PV1(FS) RNA encodes
a 64 kDa protein from the P1 region (p64), which served as a
reporter protein for monitoring the efficiency of translation of
the viral RNA (Fig. 1B). The translation of PV1(FS) RNA
was measured in reactions that contained a second RNA
which encoded a specific nonstructural viral protein. The
kinetics of protein synthesis was measured by pulse labeling
for 1-h intervals over a period of 4 h. In the reaction which
contained PV1(FS) RNA alone, measurable levels of protein
synthesis were observed between 0 and 3 h and then
decreased to undetectable levels between 3 and 4 h (Fig.
6A, lanes 1–4). In contrast, protein synthesis was prolonged
by an additional hour in the presence of P23 RNA (Fig. 6A,
lanes 5–8). Therefore, these results indicated that one or more
of the viral proteins encoded by the P23 RNA were able to
prolong the translation of PV1(FS) RNA. To determine which
viral protein was required to prolong translation, we translated
PV1(FS) RNA in the presence of the P2 or P3 proteins.
Translation of PV1(FS) RNA was prolonged in the presence
Fig. 4. Protease activity of 2Apro was required to increase the stability of PV1 RNA. HeLa S10 reactions containing 32P-labeled PV1(FS) RNA (12.5 Ag/ml) and 50
Ag/ml of either 2Apro RNA (lanes 1–4) or 2A(C109A) RNA (lanes 5–8) were incubated for 4 h at 34 -C. Samples of the reaction were removed at the indicated time
points. (A) The amount of 32P-labeled RNA that remained intact at each time point was determined by CH3HgOH agarose gel electrophoresis. (B) Graph showing
the amount of labeled PV1(FS) RNA that remained intact at each time point in panel A.
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9–12 with lanes 13–16). Similarly, translation of the viral
RNA was prolonged in the presence of 2AB, but not in the
presence of 2BC (Fig. 6B). Of the individual viral proteins
encoded by the P2 region, only 2Apro was found to prolong
the translation of PV1(FS) RNA (Fig. 6C). Therefore, 2B, 2C,
2BC and the P3 proteins had no measurable effect on the
translation of PV1(FS) RNA. Only 2Apro and the 2A
precursor proteins, 2AB and P2, were found to prolong the
translation of PV1(FS) RNA.
To confirm that the protease activity of 2Apro was required
to prolong translation, we measured protein synthesis in
reactions containing 2Apro or 2A(C109A) RNAs. To eliminate
RNA stability as a factor, we used transcript RNAs that
contained a 5V cap. Capped PV1(FS) RNA was equally stable
in the absence or presence of 2Apro (Fig. 7A, compare lanes
1–3 with 4–6). In previous studies, it was shown that theFig. 5. Pre-synthesized 2Apro increased the stability of PV1 RNA but not BVDV RN
presence of 100 Ag/ml of 2Apro RNA. 32P-labeled PV1(FS) RNA (12.5 Ag/ml) and p
an additional 4 h. Samples were removed at the indicated time points, and the amo
CH3HgOH agarose gel electrophoresis. (B) Graph showing the amount of labeled PV
2Apro on the stability of BVDV RNAwas examined in reactions that were the same
place of PV1(FS) RNA. (D) Graph showing the amount of labeled BVDV RNA thaddition of a 5V cap had no effect on the translation of wild-
type PV1 RNA (Barton et al., 2001). Therefore, by using
capped PV1(FS) RNA, we were able to measure the effect of
2Apro on translation independent of its effect on RNA
stability. In reactions containing 2A(C109A), maximum levels
of protein synthesis were observed between 0 and 1 h (Fig.
7B, lane 1). This was followed by a slight decrease between 1
and 2 h and then a significant decrease between 2 and 3
h (Fig. 7B, lanes 2–4). Measurable levels of protein synthesis
were not observed between 3 and 4 h (Fig. 7B, lane 4). In the
presence of 2Apro, the level of protein synthesis observed
between 0 and 1 h was equivalent to that observed with
2A(C109A) (Fig. 7B, lanes 1 and 5). However, between 1–2
h, 2–3 h and 3–4 h, there was a significant increase in the
level of protein synthesis in the presence of 2Apro (Fig. 7B,
compare lanes 2–4 with 6–8). These results clearly show that
protein synthesis was significantly stimulated between 1 andA. (A) HeLa S10 reactions were pre-incubated for 1 h at 34 -C in the absence or
uromycin (100 Ag/ml) were added to each reaction and were then incubated for
unt of labeled RNA that remained intact at each time point was determined by
1(FS) RNA that remained intact at each time point in panel A. (C) The effect of
as those described in panel A except that BVDV RNA (12.5 Ag/ml) was used in
at remained intact at each time point in panel C.
Fig. 6. 2Apro and the 2Apro precursor proteins were the only nonstructural viral proteins that prolonged the translation of PV1 RNA. HeLa S10 reactions containing
equimolar amounts of PV1(FS) RNA and the indicated translation expression RNAs (see panels A, B and C) were incubated at 34 -C for 4 h. The translation of
PV1(FS) RNA resulted in the synthesis of protein p64. The reactions were pulse-labeled for 1 h with 15 ACi of [35S]methionine at the indicated time points. At the
end of the 1 h labeling period, 5 Al of the translation reaction was solubilized in 50 Al 1 SDS sample buffer. The amount of labeled p64 protein synthesized was
then determined by 9–18% SDS-PAGE and visualized by autoradiography.
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that the protease activity of 2Apro was able to stimulate and
prolong the translation of viral RNA, independent of its effect
on RNA stability.
2Apro stimulates poliovirus negative-strand RNA synthesis
Previous studies suggested that 2Apro has an essential
function in poliovirus RNA replication, although it was not
clear which steps in the replication cycle were affected by
2Apro (Collis et al., 1992; Molla et al., 1993; Yu et al., 1995; Li
et al., 2001). Using pre-initiation complexes (PIRCs) isolated
from HeLa S10 reactions, it is possible to measure RNA
replication independent of protein synthesis and to specifically
measure negative-strand and positive-strand RNA synthesis. To
investigate the effect of 2Apro on RNA replication, we
measured negative-strand synthesis in PIRCs containing either
P23 RNA or 2BCP3 RNA (Figs. 1E and F). Both RNAs
express all of the viral replication proteins, except for 2Apro,
which is deleted from 2BCP3 RNA. The level of negative-
strand synthesis observed with 2BCP3 RNA was notably
reduced compared to the level observed with P23 RNA (Fig.
8A). This result suggested that 2Apro significantly stimulated
negative-strand synthesis. However, it was possible that at least
part of the increase in negative-strand synthesis observed was
due to the effect of 2Apro on the stability and translation of P23
RNA.
To eliminate stability as a factor, we used capped 2BCP3
RNA as the template and measured negative-strand synthesis in
the presence or absence of active 2Apro. In previous studies, we
showed that the addition of a 5V cap had no effect on negative-
strand synthesis in reactions containing wild-type viral RNA(Barton et al., 2001). To equalize the level of protein synthesis
in the presence of 2Apro or 2A(C109A), we reduced the total
amount of viral RNA added to the reaction containing 2Apro.
This resulted in equivalent levels of viral protein synthesis in
the reactions containing either 2Apro or 2A(C109A) (Fig. 8B).
Even under these stringent conditions, negative-strand synthe-
sis was significantly stimulated in the presence of active 2Apro
(Fig. 8C, compare lane 1 and 2). Negative-strand synthesis in
the reaction containing 2A(C109A) was about 20% of the level
observed in the reaction containing 2Apro. In related experi-
ments, we also showed that the 2Apro precursor proteins (2AB
and P2) stimulated negative-strand synthesis to levels similar to
those observed with 2Apro (data not shown). Therefore, the
protease activity of 2Apro stimulated negative-strand synthesis
by about five-fold, in addition to its effect on RNA stability and
translation.
2Apro does not directly affect positive-strand RNA initiation
To determine the effect of 2Apro on positive-strand
synthesis, we measured the ratio of (+)/() strand RNA
synthesis in PIRCs in the presence or absence of active 2Apro.
In previous studies, it was shown that labeled positive-strand
synthesis is inhibited below measurable levels in reactions
containing transcript RNAs with two nonviral 5V-terminal G
nucleotides (Barton et al., 2002; Morasco et al., 2003). In
contrast, transcript RNAs that contain a self-cleaving 5V-
terminal hammerhead ribozyme (Rz) generate an authentic
5V-terminal end and support the synthesis of both negative- and
positive-strand RNAs (Barton et al., 2002; Herold and Andino,
2000; Morasco et al., 2003). In reactions containing 2BCP3
RNA, the labeled product was negative-strand RNA, whereas
Fig. 7. 2Apro stimulated the translation of PV1 RNA independent of its effect on
RNA stability. (A) HeLa S10 reactions containing capped 32P-labeled PV1(FS)
RNA (12.5 Ag/ml) were incubated for 4 h at 34 -C in the presence or absence of
2Apro RNA (50 Ag/ml). Samples of the reaction were removed at the indicated
time points. The amount of full-length labeled RNA remaining at each time
point was determined by CH3HgOH agarose gel electrophoresis. (B) HeLa S10
reactions containing capped PV1(FS) RNA were incubated at 34 -C for 4 h in
the absence (lanes 1–4) or presence of 2Apro RNA (lanes 5–8). The reactions
were pulse-labeled for 1 h with 15 ACi of [35S]methionine at the indicated time
points. At the end of the 1 h labeling period, 5 Al of the translation reaction was
solubilized in 50 Al 1 SDS sample buffer. The amount of labeled p64 protein
synthesized was then determined by SDS-PAGE and visualized by auto-
radiography. The amount of labeled p64 synthesized at each time point was
quantitated by densitometry and is shown in the graph below gel panel.
Fig. 8. The protease activity of 2Apro stimulated negative-strand initiation. (A
PIRCs were isolated from HeLa S10 reactions containing either P23 RNA o
2BCP3 RNA. PIRCs were resuspended in reactions containing [a32P]CTP and
incubated at 37 -C for 1 h. The 32P-labeled negative-strand RNAs synthesized
in these reactions were analyzed by electrophoresis on a CH3HgOH agarose
gel. (B) HeLa S10 reactions containing capped 2BCP3 RNA (21 Ag/ml) and
2Apro RNA (14 Ag/ml) or capped 2BCP3 RNA (30 Ag/ml) and 2A(C109A
RNA (20 Ag/ml) were incubated at 34 -C for 4 h in the presence of 15 ACi o
[35S]methionine. The amount of RNA added to the reaction containing 2Apro
RNA was reduced to ensure that similar levels of the viral proteins were
synthesized in each reaction. The labeled proteins were separated by SDS
PAGE and visualized by autoradiography. (C) PIRCs were isolated from the
HeLa S10 reactions described in panel B and were resuspended in reactions
containing [a32P]CTP and incubated at 37 -C for 1 h. The 32P-labeled negative
strand RNAs synthesized in these reactions were analyzed by CH3HgOH
agarose gel electrophoresis and visualized by autoradiography. The 2Apro and
2A(C109A) translation expression RNAs do not replicate in this assay.
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was both negative- and positive-strand RNAs (Fig. 9, lanes 1
and 2). We quantitated the amount of labeled negative- and
positive-strand RNA and calculated the ratio of (+)/() strand
synthesis, as previously described (Sharma et al., 2005). In the
absence of 2Apro, the ratio of (+)/() strand synthesis was
approximately 12 (Fig. 9, lanes 1–2). In reactions containing
2A(C109A), the overall level of RNA synthesis was marginally
decreased, but no significant change in the (+)/() strand ratio
was observed (Fig. 9, lanes 3–4). Consistent with previous
observations, a significant increase in RNA synthesis was
observed in reactions containing 2Apro (Fig. 9, lanes 5–6).
Although there was an overall increase in RNA replication,
there was no significant change in the ratio of (+)/() strand
RNA synthesis in these reactions (Fig. 9, lanes 5–6). The
increase in positive-strand synthesis in this reaction was a result
of the observed increase in negative-strand synthesis. There-
fore, these results suggest that 2Apro does not directly stimulate
the initiation of positive-strand RNA synthesis.Discussion
In this study, we showed that poliovirus RNA stability was
significantly enhanced, and the duration of translation was
prolonged in the presence of the nonstructural viral proteins.
Viral protein 2Apro and its precursor proteins, 2AB and P2,
were the only proteins that mediated these effects. In addition,
we showed that 2Apro stimulated the initiation of negative-
strand synthesis without directly affecting the initiation of
positive-strand synthesis. Therefore, in addition to its previ-
ously known functions in viral polyprotein processing and
inhibiting host protein synthesis, 2Apro plays a key role in
regulating the stability, translation and replication of poliovirus
RNA.
2Apro increases RNA stability and prolongs translation of
poliovirus RNA
PV1(FS) RNA, which contains a frameshift mutation in
the P1 coding region, was unstable compared to wild-type
PV1 RNA in HeLa S10 reactions. In addition, the inhibition)
r
)
f
-
-
Fig. 9. 2Apro did not affect the ratio of (+)/() strand RNA synthesis. PIRCs
were isolated from HeLa S10 reactions containing equimolar amounts of
2BCP3 RNA or Rz-2BCP3 RNA and a non-replicating RNA, PV1DC869–
T6011DGUA3 RNA (lanes 1 and 2). PIRCs were also isolated from HeLa S10
reactions containing equimolar amounts of 2BCP3 RNA or Rz-2BCP3 RNA
and either 2Apro RNA or 2A(C109A) RNA (lanes 3–6). PIRCs were
resuspended in reactions containing [a32P]CTP and incubated at 37 -C for
1 h. The 32P-labeled product RNAs synthesized in these reactions were
analyzed by CH3HgOH agarose gel electrophoresis and autoradiography. The
amount of labeled product RNA, in PhosphorImager (PI) units, is shown below
each lane in the gel. The total amount of labeled positive- and negative-strand
RNA recovered in each reaction was used to calculate the ratio of (+)/() strand
RNA synthesis for each reaction shown above (see Materials and methods).
C.K. Jurgens et al. / Virology 345 (2006) 346–357 353of viral protein synthesis by puromycin also destabilized
wild-type PV1 RNA. As was previously shown for cellular
mRNAs, the observed instability of PV1 RNA in the presence
of puromycin or the instability of PV1(FS) RNA could be due
to lack of ribosomal scanning (Gonzalez et al., 2001).
Instability could also be attributed to premature translation
termination that triggers the nonsense-mediated RNA degra-
dation pathway similar to that observed in cellular mRNAs
(Gonzalez et al., 2001). However, finding that providing the
nonstructural proteins in trans increased the stability of
PV1(FS) RNA to wild-type levels indicated that a nonstruc-
tural protein(s) was essential to enhance the stability of viral
RNA. Based on the well-characterized ability of 3CDpro to
form an RNP complex with the 5V cloverleaf (Andino et al.,
1990; Andino et al., 1993; Gamarnik and Andino, 1997;
Parsley et al., 1997) and the observation that mutations in
stem-loop Fd_ of the 5V cloverleaf destabilize viral RNA in
HeLa S10 reactions (Barton et al., 2001), 3CDpro appeared to
be a good candidate which could regulate viral RNA stability.
However, finding that the P3 proteins had no measurable
effect on viral RNA stability indicated that 3CDpro was not
required to regulate viral RNA stability. In contrast, viral
RNA stability was restored to wild-type levels in the presence
of the P2 proteins. 2Apro and its precursor proteins, 2AB and
P2, increased viral RNA stability to levels comparable to
those observed when all of the nonstructural proteins were
present. Using a 2Apro mutant, we showed that the protease
activity of 2Apro was required to mediate the observed
increase in viral RNA stability.The ability of 2Apro to increase viral RNA stability was
particularly striking since it was specific for poliovirus RNA
and had no effect on the stability of BVDV RNA. Therefore,
it does not appear that 2Apro mediates a non-specific
increase in RNA stability by digesting cellular ribonucleases.
Because none of the other viral proteins was required for
2Apro to increase RNA stability, it is likely that 2Apro
modifies a cellular protein, which, in turn, mediates the
observed increase in viral RNA stability. In previous studies,
various mutations in the 5V cloverleaf were shown to
destabilize poliovirus RNA (Barton et al., 2001; Lyons et
al., 2001; Murray et al., 2001; Sharma et al., 2005).
Therefore, the 2Apro-modified cellular protein may interact
with the 5V cloverleaf to protect viral RNA from degradation
by 5V exonucleases. This idea is consistent with our
observation that the RNA instability which is observed in
the absence of 2Apro can be overcome by the addition of a
5V cap which protects the RNA from degradation by the 5V
exonucleases.
In the present study, we also investigated the effect of
viral replication proteins on the translation of poliovirus
RNA. Our results showed that viral proteins 2B, 2C, 2BC
and P3 had no measurable effect on the translation of
poliovirus RNA in HeLa S10 reactions. In contrast, 2Apro
and its protein precursors, 2AB and P2, stimulated and
prolonged the translation of poliovirus RNA. The finding that
2Apro-stimulated viral RNA translation is consistent with
previous studies where 2Apro was shown to stimulate the
translation of enterovirus and rhinovirus RNAs (Ziegler et
al., 1995; Hunt et al., 1999; Roberts et al., 1998). As
discussed above, 2Apro also increased the stability of
poliovirus RNA. Therefore, the stimulation of translation
observed in the presence of 2Apro could be a secondary
effect of the increase in RNA stability. However, finding that
2Apro stimulated the translation of 5V capped PV1(FS) RNA
demonstrated that 2Apro can stimulate translation independent
of its effect on RNA stability. This result is consistent with
the previous suggestion that the C-terminal fragment of
eIF4G that is generated by 2Apro cleavage stimulates the
translation of poliovirus RNA (Borman et al., 1997). An
important finding of the present study is that the 2Apro
precursor proteins, 2AB and P2, were also active proteases.
As a result, the effective concentration of viral proteins with
2Apro protease activity would be much higher than the
concentration of 2Apro itself. Therefore, 2Apro and its
precursors collectively increase the stability and stimulate
the translation of poliovirus RNA.
2Apro stimulates poliovirus negative-strand synthesis
Several studies have suggested that 2Apro plays a role in
viral RNA replication (Collis et al., 1992; Molla et al., 1993;
Yu et al., 1995; Li et al., 2001). By using cell-free replication
assays, we were able to investigate the effect of 2Apro on
replication independent of its effect on host protein synthesis,
RNA stability and translation. In addition, we were able to
separately measure the effect of 2Apro on both negative- and
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study showed that 2Apro can stimulate negative-strand
synthesis in addition to its effect on RNA stability and
translation. Although measurable levels of negative-strand
synthesis were observed in the absence of 2Apro, a five-fold
increase in synthesis was observed in the presence of 2Apro.
Furthermore, the protease activity of 2Apro or its precursors,
2AB and P2, was required to stimulate negative-strand
synthesis. We and others have proposed that negative-strand
initiation requires the formation of a circular RNP complex
(Barton et al., 2001; Herold and Andino, 2001; Lyons et al.,
2001; Teterina et al., 2001). Finding that 2Apro stimulated
negative-strand synthesis suggested that a cellular protein,
after being modified by 2Apro, might enhance the formation
of the circular RNP complex. Additional studies are currently
underway to identify the cellular protein target of 2Apro that is
required for efficient negative-strand RNA synthesis. Inter-
estingly, 2Apro did not affect the initiation of positive-strand
RNA synthesis. This suggests that the cellular protein
modified by 2Apro was not required for positive-strand
RNA initiation. These results suggest that different mechan-
isms are used to initiate negative-strand and positive-strand
synthesis which is consistent with the asymmetric replication
of poliovirus RNA.
The results from this study demonstrate that, in addition
to playing a role in polyprotein processing and inhibiting
host protein synthesis, 2Apro is required to stabilize viral
RNA, stimulate and prolong translation and for efficient
negative-strand synthesis. Taken together, the multiple func-
tions of 2Apro significantly enhance the overall replication of
poliovirus RNA. Therefore, 2Apro serves as a clear example
of a multifunctional protein encoded by a small RNA virus
that is required at multiple steps in the viral replication
cycle.
Materials and methods
cDNA clones and RNA transcripts
A cDNA clone of the Mahoney strain of type I poliovirus,
pT7-PV1(A)80, referred to as pPV1 (Fig. 1A), was used as the
parental clone for the constructs used in this study. Four
nucleotides were inserted at position 2474 in the plasmid
pPV1 to generate plasmid pT7-PV1(A)80(FS), hereafter,
denoted as pPV1(FS) (Fig. 1B). The RNA obtained from
transcription of this plasmid was designated PV1(FS) RNA.
The four nucleotide insertion in PV1(FS) RNA introduced a
frameshift mutation in the P1 region that blocked the
translation of this RNA after nucleotide 2501. Translation
of PV1(FS) RNA in HeLa S10 reactions resulted in the
synthesis of a 64 kDa protein containing 586 amino acids
from the N-terminus of the PV open reading frame
(corresponding to VP4, VP2 and most of VP3). The
construction of the plasmid pRNA2, used for transcribing
the helper RNA, has been described earlier (Barton et al.,
2001). The RNA obtained from this plasmid was designated
as helper RNA (Fig. 1C). The helper RNA translated all ofthe viral replication proteins. Plasmid pPV1(A)80 DC869–
T6011DG7418–A7422 was constructed as described previously
(Morasco et al., 2003). Transcript RNA obtained from this
plasmid was designated as PV1DC869–T6011DGUA3 RNA.
Plasmids pP23, p2BCP3, pP3, pP2, p2AB, p2BC, p2Apro,
p2B and p2C were constructed as described previously
(Jurgens and Flanegan, 2003) (Fig. 1D). RNAs obtained by
transcription of these plasmids were designated as P23 RNA
(Fig. 1E), 2BCP3 RNA (Fig. 1F), P3 RNA, P2 RNA, 2AB
RNA, 2BC RNA, 2Apro RNA, 2B RNA and 2C RNA,
respectively. These RNA transcripts contained the 5V NTR, an
AUG start codon, the desired protein coding sequence, the
3VNTR and the poly(A) tail (Fig. 1D). p2BCP3 was also
engineered into a plasmid containing a hammerhead ribozyme
(Rz) between the T7 promoter and the 5Vend of the poliovirus
sequence (Barton et al., 2002; Morasco et al., 2003).
Transcripts obtained from this plasmid are denoted with a
Rz prefix and contain an authentic 5V-terminal end. The Rz-
RNA transcripts support the synthesis of both negative- and
positive-strand RNA (Barton et al., 2002; Herold and Andino,
2000; Morasco et al., 2003). Translation of the P3 RNA in
HeLa S10 reactions resulted in the synthesis of protein P3
which was further processed into 3AB and 3CDpro (data not
shown). Translation of the other RNAs resulted in the
synthesis of the desired proteins. Only in the presence of
3Cpro processing of viral proteins was observed (data not
shown). Plasmid p2A was used as a parental clone to engineer
plasmid p2A(C109A). Mutagenic oligonucleotide primers
were used to alter nucleotides T3710–T3712 to G3710–C3712
using QuikChangei Site-Directed Mutagenesis kit (Strata-
gene). The resulting plasmid was verified by sequencing. The
RNA obtained by transcription of this plasmid was designated
2A(C109A) RNA. Translation of 2A(C109A) RNA resulted
in the synthesis of inactive 2Apro, where the cysteine residue
in the active site required of 2Apro was mutated to alanine
(Hellen et al., 1991). We confirmed the loss of protease
function of 2A(C109A) protein by its inability to cleave 3D
into 3CV and 3DV, a 2Apro-mediated cleavage (Fig. 8B) (Lee
and Wimmer, 1988). Bovine Viral Diarrhea Virus (BVDV)
cDNA clone, pDI9c, is a subgenomic BVDV cDNA clone
that has been previously described (Behrens et al., 1998). It
contains the 5V and 3V NTRs of BVDV and encodes the
autoprotease Npro and the nonstructural proteins NS3 to
NS5B.
All plasmid DNAs were linearized using MluI and
transcribed in vitro in reactions containing bacteriophage T7
RNA polymerase and 500 AM of each nucleoside triphosphate
(NTP) as previously described (Barton and Flanegan, 1993;
Morasco et al., 2003). For RNA stability assays, PV1 or
PV1(FS) transcript RNAs were labeled in a 100 Al transcription
reaction that included 50 ACi of [a-32P]CTP (400 Ci/mmol).
Where indicated, transcript RNAwas synthesized with a 5V cap
using a 7-methyl guanosine cap analog as previously described
(Barton et al., 2001). RNA transcripts were purified by
Sephadex G-50 gel filtration chromatography as described
previously and stored in ethanol at 20 -C (Barton et al.,
1996).
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HeLa S10 translation–replication reactions were prepared as
previously described (Barton et al., 1996). 32P-labeled PV1 or
PV1(FS) RNAwas added to HeLa S10 reactions at the indicated
time and incubated at 34 -C for 4 h. Twenty-microliter samples
of the reaction were removed at the indicated time point and
added to 400 Al of 0.5% SDS buffer (10 mM Tris–HCl (pH
7.5), 1 mM EDTA, 100 mM NaCl). Labeled RNA was
recovered by phenol-chloroform extraction and ethanol precip-
itation. The labeled RNA was analyzed by CH3HgOH agarose
gel electrophoresis and detected by autoradiography of the dried
gel (Barton et al., 1996). The amount of full-length labeled
RNA that was recovered at each time point was quantitated
using a Molecular Dynamics PhosphorImager.
RNA translation assays
HeLa S10 translation–replication reactions containing 50
Ag/ml of total RNA transcript were prepared as described
earlier (Morasco et al., 2003; Barton and Flanegan, 1997).
To a 10 Al portion of the reaction, 15 ACi of [35S]methi-
onine (>1000 Ci/mmol; Amersham) was added and incubat-
ed at 34 -C for 4 h. Five microliters of the translation
reaction was solubilized in 50 Al of 1 SDS sample buffer
(Barton et al., 1996). The reaction was heated for 3 min at
100 -C, and [35S]methionine-labeled viral proteins were
analyzed by electrophoresis on a 9–18% SDS-polyacryl-
amide gel (SDS-PAGE). For pulse labeling of viral proteins,
at the beginning of the pulse, 15 ACi of [35S]methionine
was added to a 10 Al portion of the reaction and incubated
for 1 h at 34 -C. At the end of the pulse, 5 Al of the
translation reaction was analyzed as described above. The
gel was fixed, fluorographed and dried as previously
described (Barton and Flanegan, 1993). Viral proteins were
analyzed by autoradiography.
RNA replication assays
HeLa S10 translation–replication reactions containing 50
Ag/ml of RNA transcripts were prepared as previously
described (Barton and Flanegan, 1997). The indicated
transcript RNAs were added in equimolar concentrations.
After incubation at 34 -C for 4 h, the pre-initiation RNA
replication complexes (PIRCs) were isolated by centrifuga-
tion. The synthesis of labeled RNA products in PIRCs was
measured as described previously (Barton and Flanegan,
1997; Barton et al., 1999). PIRCs were resuspended in a
reaction mixture containing 35.5 mM HEPES (pH 7.4), 120
mM KCH3CO2, 2.75 mM Mg(CH3CO2)2, 5 mM KCl, 3 mM
DTT, 0.5 mM CaCl2, 1 mM EGTA, 30 mM creatine
phosphate, 0.4 mg/ml creatine kinase, 1 mM ATP, 250 AM
each of GTP and UTP, 125 AM CTP and 30 ACi [a-32P] CTP
(400 Ci/mmol). The reactions were incubated at 37 -C for 1
h. Labeled RNA products were recovered by phenol
extraction and ethanol precipitation and were analyzed by
CH3HgOH agarose gel electrophoresis and autoradiography.The amount of full-length labeled RNA was quantitated using
a Molecular Dynamics PhosphorImager and was defined in
terms of PhosphorImager (PI) units.
PIRCs formed with normal transcript RNAs only synthesize
labeled negative-strand RNA (Barton et al., 2002; Herold and
Andino, 2000; Morasco et al., 2003). In contrast, PIRCs formed
with Rz-RNAs support the synthesis of both negative- and
positive-strand labeled product RNAs (Barton et al., 2002;
Herold and Andino, 2000; Morasco et al., 2003). To determine
the ratio of (+)/() strand synthesis, PIRCs containing either
2BCP3RNA or Rz-2BCP3RNAwere incubated at 37 -C for 1 h.
Labeled product RNAs were recovered and quantitated as
described above. The total amounts of labeled positive- and
negative-strand RNAwere used to calculate the ratio of (+)/()
RNA synthesis as previously described (Sharma et al., 2005).
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